coupling with degradome sequencing. In the late stage of the roots infected by V.
1 4 0 dahliae, many miRNAs showed a significant difference in their expression level 1 4 1 compared to the mock-treated roots. Among these differentially expressed miRNAs, 1 4 2 gh-miR164 and its target gene GhNAC100 were found to form a module to participate 1 4 3 in the plant resistance to V. dahliae through genetic and biochemical analyses. These (http://www.genome.jp/kegg/). We used KOBAS software (Mao et al., 2005) to test 2 6 7 the statistical enrichment of differential expression genes in KEGG pathways. Phylogenetic analysis 2 7 0
The NAC genes in this study were retrieved from the NCBI data and aligned with the 2 7 1 1 2 Clustal X programme. Neighbour-joining (NJ) phylogenetic trees were constructed in 2 7 2 MEGA 5.2 with 1,000 bootstrap replicas (Tamura et al., 2011) . To elucidate the miR164 post-transcriptional regulating GhNAC100 expression, 2 7 6
GhNAC100 was isolated from G. hirsutum cv. Jihe713, and the target sequence of 2 7 7
GhNAC100 was mutated by PCR methods and designated GhNAC100 mu . GhNAC100 2 7 8
and GhNAC100 mu were inserted into pBI121, respectively, resulting in the 2 7 9 pBI121-GhNAC100:GUS and pBI121-GhNAC100 mu :GUS vectors. Cotton MIR164, 2 8 0 the ghr-miR164 precursor sequences, was isolated and inserted into the pBI121 2 8 1 instead of the gus gene, constructed in pBI121-pre-miR164. construction of the TRV-related vectors was performed as described by Liu et al. 48-bp spacer with the restriction enzyme sites Kpn I and Xma I at the 5' and 3' ends, 2 9 0 respectively, was designed and inserted into the pTRV2e vector to generate the 2 9 1 TRV:STTM164 vector ( Supplementary Table S11 ). A GhNAC100 fragment was 2 9 2 isolated and inserted into pTRV2, and the resulting vector was designated 2 9 3 TRV:GhNAC100. All the plasmids were transformed into A. tumefaciens strain 2 9 4 GV3101 using electroporation. All the primers associated with vector construction are 2 9 5 listed in Supplementary Table S11 . Agrobacterium cells grown overnight at 28°C in lysogeny broth (LB) media 2 9 9
containing 50 μ g mL -1 kanamycin, 50 μ g mL -1 gentamicin and 50 μ g mL -1 rifampicin At 48 hours after agro-infiltration, the treated leaves were detached, and 3 0 7 β -Glucuronidase (GUS) staining analysis was performed as described by Jefferson et 3 0 8
al. (1987) . GUS activity was quantified by 4-methylumbelliferone (4-MU) testing 3 0 9 methods as described by Jefferson et al. (1987) . Agrobacterium culture and treatments were the same as the method of Agrobacterium 3 1 3 co-transformation in tobacco described above. Agrobacterium cells containing 3 1 4
Analysis of VIGS
TRV:GhNAC100 or TRV:STTM164 were mixed with an equal amount of 3 1 5
Agrobacterium cells with pTRV1 (pYL192). The mixed Agrobacterium cells were 3 1 6
agro-inoculated into the fully expanded cotyledons of the cotton seedlings using a 3 1 7 sterile needleless syringe. After 12 hours incubation in darkness, the cotton seedlings 3 1 8
were transferred to the greenhouse for normal growth. To determine the effects of a V. dahliae infection on cotton, we collected the stems were cut into many fragments and placed on PDA in plates, which were incubated at 3 2 4
25°C. After 5 days, the number of fragments with fungal hypha was recorded. The DI is an important parameter to assess plant resistance. The DI is calculated In our previous studies, cotton plants started to show disease symptoms 15-18 days 3 3 7
after inoculation with V. dahliae, including yellow leaves, defoliation and stunted While at 7 dpi, a few fungal DNA molecules were monitored in the roots, a value of 3 4 7
1.03×10 -4 compared to the cotton DNA copies; at 10 and 13 dpi, relative DNA copies suggesting that the V. dahlia hyphae and conidia had located in the xylem vessels 3 5 0 ( Figure 1A ). To investigate when the fungus colonizes in the interior of roots in more 3 5 1 detail, a fungal recovery assay of the treated root fragments was conducted as a were not observed around the root sections at 1 and 4 dpi, while approximately 5% of 3 5 4 the root fragments showed fungi growth at 7 dpi, and a few fragments at 10 and 13 3 5 5 dpi demonstrated recoverable growth of the fungi ( Figure 1B and 1C). These results suggested that V. dahliae had colonized in the inside of the roots through root-dipped fungal-treated roots at the two time-points, 7 and 10 days, were chosen for sRNA
high-throughput sequencing analysis. infection, three sRNA libraries were constructed by using total RNA isolated from the 3 6 5 root samples of seedlings treated for 7 and 10 days and the mixed mock treatment of 7 3 6 6
and 10 days (the control, CK) with two replicates for each treatment. The three sequencing and data analysis strategy is shown in Figure S1 . As shown in Table 1 , the 3 6 9 three libraries for 7 and 10 dpi and the control generated more than 20 million clean into several classes: repeat bases, rRNA, tRNA, snoRNA, and unannotated sRNA 3 7 3 (Table 1) . Before analysing the miRNA, the unannotated sRNA was mapped to the G. AD genome of G. hirsutum, respectively (Table 1) . Although the total reads of the 7 3 7 7 dpi sample were less than those of the 10 dpi and the control, the numbers of mapped 3 7 8 unannotated reads containing miRNA were similar among the three libraries. To further ensure the specificity and commonality of the sRNA in the three 3 8 0 libraries, the unique reads calculated in the 7-and 10-dpi and the control sRNA To investigate the size distribution of all the sequences, the sequences between and 24 nt reads. were from the 7-and 10-d treated roots and the control roots, respectively 4 0 7
( Supplementary Table S1 ). Of the 71 miRNAs across the three libraries, 69 miRNAs 4 0 8
were commonly present in the three libraries, while ghr-miR7497 and ghr-miR399e 4 0 9
were absent in the 7-and 10-dpi libraries, respectively ( Figure 3C ). Each of the 46 4 1 0 miRNA families contained 1 to 4 members. The three families, MIR156, MIR2949 only one member ( Figure S2 ). As shown in Supplementary represented the majority in size, reaching 38.03% and 32.39%, respectively, followed 4 1 9
by the 20 nt long miRNAs (14.08%) ( Supplementary Table S3 ).
2 0
To identify novel miRNAs, the unannotated sRNAs, which could be mapped to 4 2 1 the cotton AD genome excluding the known miRNA, were screened using miRDeep2 novel miRNAs in the 7-and 10-dpi libraries and the control library, respectively. Among these 378 novel miRNAs, approximately 367 were common across all three 4 2 6
libraries, and only one novel specific miRNA (novel miR_A02_1323) was detected in 4 2 7
the control library. The novel miR_D09_31005 was only found in the two treated 4 2 8 libraries ( Figure 2C ).
2 9
In this study, nucleotide bias at positions in the total miRNAs was analysed to The identified miRNAs with more than 5 TPM expression levels were chosen for an 4 3 9
analysis of differential expression among the 7-and 10-d treated roots and the control. As shown in Supplementary were found in both the 7-and 10-d treated roots compared to the control ( Figure 3A) .
6
Twenty-nine miRNAs showed significant upregulation or down regulation of only one miRNA showed a contrasting trend (Cluster 2).
5 0
To further investigate the function of differentially expressed miRNAs, the 4 5 1 corresponding target genes were predicted, and GO enrichment was performed. and oxidoreductase activity ( Supplementary Table S5 and S6). To identify the target genes from a total of 449 miRNAs, degradome sequencing 378 novel miRNAs possessed 142 target genes ( Supplementary Table S7 and Table   4 6 4 S8). miRNAs were found to be able to target various numbers of genes with a range 4 6 5 of 1 to 16, of which novelmiR_D05_23410 targeted the highest number of genes, 4 6 6 reaching 16 different genes ( Supplementary Table S8 ). As shown in Figure 3B , Table S9 ). Most specific GO classifications showed that the target genes were 4 7 6 1 9
involved in the response to oxidation-reduction process, the response to biotic and 4 7 7 abiotic stress, and binding ( Supplementary Table S9 ). The KEGG analysis classified 4 7 8 11 different expression miRNA targets into 10 pathways, and the significantly 4 7 9
enriched pathways included terpenoid backbone biosynthesis, carotenoid biosynthesis 4 8 0 and spliceosome ( Supplementary Table S10 ). Supplementary Table S4 ). The expression levels of six corresponding target genes 4 9 4 compared to the control showed contrasting trends with the miRNAs, indicating that 4 9 5 the six miRNAs negatively regulated the mRNA levels of the corresponding target 4 9 6 genes ( Figure 3C ). Based on the degradome and sRNA sequencing, we selected ghr-miR164 to further shown to be an NAC domain-containing protein 100-like according to the BLAST 5 0 4
data. A phylogenetic tree shows that cotton NAC100-like is clustered with 5 0 5
AtNAC100 (57.36% identification) and was designated GhNAC100 (Figure 4A ). The approximately 3.4-fold higher than in the control roots ( Figure 3C) .
In our degradome sequencing data, ghr-miR164 matched the target gene 5 1 1
GhNAC100, and the cleavage site was identified in a matched sequence as shown in 5 1 2
the T-plots ( Figure 3B ). The cleavage site is located at the 649 nt of GhNAC100
mRNA, which was cleaved between the G and C bond ( Figure 3B ). To confirm this 5 1 4
cleavage site, two specific forward primers were designed, which were located on 5 1 5 both sides of cleavage site, respectively ( Figure 4B ), and qPCR analysis was 5 1 6
conducted. As shown in Figure 4B , the amounts of the FD fragment downstream of 5 1 7 the cleavage site were approximately 1.7-fold higher than the FU fragment containing 5 1 8 the cleavage site.
1 9
To further verify the ghr-miR164 function in cleaving its target sequence in vivo, 5 2 0 a GhNAC100:GUS reporter fusion protein was analysed by the Agrobacterium precursor of ghr-miR164 was isolated and inserted into a plant expression vector pBI121-pre-miR164 as an effector. The GhNAC100-encoding sequence and its 5 2 5
corresponding mutant sequence were respectively fused into the upstream of the GUS 5 2 6 gene in the plant expression vector pBI121, generating pBI121-GhNAC100:GUS and 5 2 7 pBI121-GhNAC100 mu :GUS as reporters ( Figure 4C ). As shown in Figure 4D , the 5 2 8
leaves injected with GV3101 only containing pBI121 or pBI121-GhNAC100:GUS 5 2 9
exhibited a similar blue intensity in the infiltrated site by GUS histochemical staining.
3 0
When the leaves were infiltrated with equally mixed GV3101 cells containing 5 3 1 pBI121-pre-miR164 or pBI121-GhNAC100:GUS, the blue spot was absent at the pBI121-pre-miR164 or pBI121-GhNAC100 mu :GUS showed a similar blue intensity to 5 3 4 those only infiltrated with pBI121-GhNAC100:GUS ( Figure 4D ). Compatible with 5 3 5
GUS staining, a quantitative assay of the GUS activity showed similar results in the 5 3 6 2 1 extracted total protein from the infiltrated sites of the leaf as indicated through 4-MU 5 3 7 analysis ( Figure 4E ). The result of the GUS fusion protein reporter showed that 5 3 8
ghr-miR164 could cleave GhNAC100 by a post-transcriptional process in vivo.
3 9
To explore the role of the ghr-miR164-GhNAC100 module in the response of the To determine the function of ghr-miR164 in plant defence, miRNA target mimicry 5 5 1 technology was employed, which has been successfully used to suppress miRNA 5 5 2 accumulation in vivo (Sha et al., 2014; Yan et al., 2012) . We used the virus-based 5 5 3 microRNA silencing (VbMS) strategy to generate the ghr-miR164-silenced plants.
4
The pTRV2e-STTM164 vector, which contains two imperfect binding sites for 5 5 5 ghr-miR164 separated by a 48 nt spacer, was constructed. The cotton phytoene 5 5 6 desaturase (GhPDS) gene, a positive control, was well silenced resulting in a 5 5 7
photobleaching phenotype ( Figure S3 ), indicating that the TRV VIGS system is was performed. There were fewer stem sections that provided fungal colonies in the 5 7 3
TRV:STTM164 plants than those in the TRV:00 plants ( Figure 5D ). Consistent with the 5 7 4
fungal recovery assay, the fungal biomass in the ghr-miR164-silenced plants decreased significantly to approximately 0.3-fold of the control plants ( Figure 5E ). The ghr-miR164-GhNAC100 module regulates plant defence to V. dahliae 5 7 8
To clarify the roles of the ghr-miR164-GhNAC100 module in the resistance of the ( Figure 5A ). To evaluate the GhNAC100 function in the resistance to this fungus, the 5 8 6
GhNAC100-silenced plants and the control were infected with V. dahliae through 5 8 7
root-dipped inoculation. After 23 dpi, the TRV:NAC100 plants showed more serious 5 8 8 disease symptoms than the control plants with obvious necrotic and wilting leaves and 5 8 9
stunted growth ( Figure 5B ). The DI value in the GhNAC100-silenced plants was 5 9 0 significantly higher than that in the control ( Figure 5C ). A fungal recovery assay was 5 9 1 performed to examine the extent of the V. dahliae colonization in the infected stem of 5 9 2 the treated plants. The results showed that there were more fungal colonies in the Table S3 . Size distribution of known miRNAs. Table S11 . The primer sequences used in this study. 
